While it is known that the brain perceives color and motion asynchronously, the specific locations in which the brain binds signals remain unknown. This study distinguishes subjective perception of the capability to bind features and the objective accuracy in feature binding. The stimuli were the same for individual subjects, consisting of random dots (red and green, or yellow and blue) moving either vertically or horizontally. Subjects responded to questions regarding the color or the direction of motion of the dots (objective judgment) and rated their capability in performing the task (subjective judgment). The imaging results of contrasting subjective judgment showed that the activation of the anterior rostral cingulate cortex (rACC) and inferior frontal gyrus (Brodmann area [BA] 45/47) during incapable-of-binding responses, compared with the capable-of-binding responses. It is suggested that the rACC is for uncertainty of subjective judgment and BA 45/47 is for the increased burden on working memory. In contrast, there was no imaging results of contrasting the correct and incorrect responses (i.e., objective judgment), and neither was there for the interaction between subjective and objective judgment. The results of conservative conjunction analysis indicated common and shared brain areas for the 2 distinctive binding situations (the correct and capable-of-binding vs the incorrect and incapable-of-binding), including increased activity in the intraparietal lobe (IPL) and the junction areas of the posterior rostral ACC (dACC) and the prefrontal areas, but decreased activity in the medial portion of the IPL, suggesting that feature binding requires maintaining attention. These results clearly isolated subjective judgment from objective judgment and support the view that maintaining attention is involved in feature binding of color and motion.
Introduction
In the realm of visual perception, the features of color and motion are not only processed in separate locations in the cortex [1, 2] , but are also perceived asynchronously [3] , with the conscious perception of color preceding that of motion by 80 to 100 ms. This segregation naturally leads to consideration of the so-called "feature binding problem", that is, determination of how perceptions of color and motion are subsequently recombined to provide a holistic representation of an object within a perceptual domain in which all attributes appear integrated.
There are several kinds of binding issues such as spatial/location, temporal feature, and property binding [4] . This study focuses on the property binding describing several features of an object that share the same spatial location at any time, in order to characterize the object. For example, the binding of color, shape, and motion can be used to characterize a car. There are several general factors that influence property binding. Previous studies have reported that attention is involved in the feature binding mechanism [5] [6] [7] [8] [9] [10] [11] . In addition to the attentional factors, understanding the feature-binding mechanism requires considering the subjective nature of the perception of feature binding, which is illustrated by focusing on perceptual integration under awareness [12] [13] [14] . To accomplish this, the present study presents constant stimuli while manipulating 2 factors, the capability of binding (subjective judgment of binding performance) and the correctness of the binding (objective judgment of accuracy) ( Table 1 ). The two-by-two factorial design follows experimental designs commonly used in psychological studies, which allows subjective judgment to be distinguished from objective judgment. Furthermore, the use of constant stimuli allows the results to be attributed to the functioning of cortical mechanisms rather than to exposure to external stimuli. The goal of this investiga-tion is to provide greater elucidation and understanding of the differences between subjective and objective judgment within the feature binding mechanism.
Methods

Experimental Setup and Stimuli
While wearing functional magnetic resonance imaging (fMRI)-compatible goggles (14.25˚ × 10.71˚ in width and height, VisuaStim XGA; Resonance Technology Inc., Northridge, California, USA), the 21 study participants were placed in an fMRI scanner and exposed to visual stimuli. The stimuli consisted of either 50 green and 50 red dots or 50 yellow and 50 blue dots on a black background (Figure 1) . Half of the dots of each color moved in opposite directions along either a horizontal or vertical axis at a speed of 4.30˚/s, not in a straight line but at variable angles within a range of 0.14˚ perpendicular to the original movement direction. The other half of the dots of each color flashed at random locations in order to increase task difficulty. Equiluminance of different colors was separately established for each subject by flicker photometry [15] before testing. All visual stimuli were constructed using COGENT Graphics (available at www.vislab.ucl.ac.uk) run in MATLAB (Mathworks Inc.).
The subjects were instructed that their task was to identify which color was moving in which direction, using a keypad to answer 1 of 2 questions that randomly appeared after presentation of the stimulus. One question asked, "Which color of dots was moving direction?" with the word direction replaced by up, down, left, or right, as appropriate, and one question asked, "In which direction were the color dots moving?" with the word color replaced by green, red, yellow, or blue, as appropriate. The questions were relevant to the stimuli. For instance, if the subjects were shown red and green dots, they were not asked about the directions of blue or yellow dots but that of red and green dots. If they were shown dots moving only horizontally, they were not asked the color of the dots moving vertically but horizontally either to the left or right. The combination of stimuli and the related questions were balanced in a pseudorandom sequence, such that each stimulus type was followed by each of the possible questions in turn within a block of 32 trials.
Each subject's response was objectively categorized as either correct or incorrect, based on accuracy. In addition, each subject subjectively judged himself/herself either capable or incapable of binding the features. The sub ject's judgment was a binary response, with "capable" indicat- 
59
ing the subject felt that s/he could bind features successfully and "incapable" indicating the subject felt that s/he could not do it. No further questions were asked for the subjective assessment. Instead, subjects answered the color/motion question and automatically marked their answer as "capable" or "incapable" at the same time. Scores A, B, C, and D in Table 1 each correspond to the number of times that a subject's responses fell into a particular category. Score A corresponds to the number of times that a subject responded correctly and reported that he or she was able to bind the features; Score B, the number of times that a subject responded correctly, but reported that he or she was unable to bind the features; Score C, the number of times that a subject responded incorrectly, but reported that he or she was able to bind the features; Score D, the number of times that a subject responded incorrectly and reported that he or she was not able to bind the features. The only way to confirm the subjective declaration of capability or incapability of feature binding was to compare the subjective assessment against the objective accuracy data.
If an individual's subjective assessment of their capability of feature binding was accurate, the comparison of their subjective assessment against the objective data would be expected to yield results significantly greater than those obtained by chance alone (i.e., A/(A + C) ≥ 68%), based on the reasoning that the minimum probability of obtaining a value significantly higher than 50% is 0.6732 when the α-value is set to 0.05. Setting the threshold of 0.6732 for the positive binding condition did not affect the incapable binding trials (i.e., B + D), in which a 50% threshold was used, because the accuracy in these trials is expected to be no greater than chance (0.5). These criteria were applied to individual subjects. Subjects whose data did not meet these criteria (2 of the 21 subjects) were excluded from the study.
Subjects
Twenty-one healthy subjects (8 males and 13 females) between 19 and 30 years of age (mean ± SD, 22.7 ± 2.7) participated in the fMRI experiment. All subjects were right-handed and had normal or corrected-to-normal vision. Written informed consent was obtained from all subjects. The study was approved by institutional review board of the Department of Psychology, National Chung Cheng University, Taiwan. Each subject received 1000 Taiwan Dollars as compensation for his/her time and travel costs.
fMRI Scanning Methods
All functional scanning was performed with a 3-T Bruker 30/90 Medspec fMRI scanner fitted with a standard birdcage head coil (Bruker BioSpin MRI GmbH; Ettlingen, Germany). An echo-planar imaging (EPI) sequence was applied for functional scans measuring blood oxygen level dependent ( 
Procedure
Before initiating functional scanning, the duration of stimulus presentation for each subject was determined using the method of limits. Using this method, the subject was first provided with the longest duration (2 seconds) of stimulus presentation with which to perform feature binding, to ensure that the subject was capable of feature binding within this duration. The subject was then provided with succeeding durations each reduced by half until the subject reported that he or she could not bind the features. Next, the subject was provided with the shortest duration (32 ms) with which to perform feature binding, to ensure that the subject could not perform feature binding within this duration. The subject was then provided with succeeding durations that each increased by two-fold until the subject reported that he or she could now bind the features. The descending and ascending order of duration was repeated 3 times per subject while varying the longest and shortest durations. After completion of this process, a constant duration was chosen and tested for 64 trials (2 blocks of 32 trials) to ensure that the subject could meet the accuracy criteria defined above. If a subject failed to meet the performance criteria, an-other duration was selected with which to repeat testing until the performance criteria had been fulfilled. The optimal stimulus duration among the subjects ranged from 53.5 ms to 401.1 ms (mean = 155.5 ms, SD = 107.9 ms). The variation of duration did not affect performance. Each subject underwent 2 scanning sessions consisting of a total of 64 trials. Each trial consisted of a single presentation of the visual stimuli for a specific duration, after which a question appeared at the bottom of the screen for a 6 seconds (=2 × TR) period. During this period, the subjects indicated their response to the question and reported their capability of binding the features of color and motion. The next trial automatically began after 6 s had passed.
Behavioral Data Analysis
The aim of behavioral data analysis was to confirm that the selected duration for individual subjects was appropriate and to confirm accuracy of the subjective responses. The measurement of accuracy was calculated and categorized according to whether the subject was capable or incapable of performing feature binding. As the accuracy data were used as indices, the response for each trial was considered a sample of binomial data. The non-linear mixed effect (NLMX) regression model was used to analyze the binomial data [16, 17] . To conduct NLMX analysis, the accuracy of the fMRI experiment was modeled using the following equation:
where p was the accuracy of either the capable-of-binding or incapable-of-binding trials. Dummy coding was used in the regression model: x1 = 0 represented incapable-of-binding trials and x1 = 1 represented capable-ofbinding trials. The error among subjects, was assumed to fit the standard normalized distribution. According to the dummy coding, the estimate of p0 was the mean accuracy of the incapable-of-binding trials and the estimate of p1 was the difference in accuracy between the capable-of-binding and incapable-of-binding trials.
fMRI Data Analysis
The fMRI data were first preprocessed using the SPM8 software (Wellcome Trust Centre for Neuroimaging, London, UK, http://www.fil.ion.ucl.ac.uk/spm). Each functional scan of individual subjects was realigned to the average of all volumes obtained (i.e., the 73 volumes that remained after deleting the first 7 volumes for the T1-equilibrium effect) without unwarping and was re-sliced for the time correction. Next, each subject's structural image was translated to match the first EPI volume for co-registration between the anatomic and functional scans. The structural image was then segmented into grey and white matter with an East Asian brain as the spatial template for the Affine regularization. The realigned and resliced images were then spatially normalized to the canonical template provided by the SPM8 software and spatially smoothed with a Gaussian kernel of 8 mm full width at half maximum (FWHM). The pre-processed data were then subjected to first-level analysis using a voxel-wise general linear model (GLM) that included regressors defining stimulus onsets for each of the 4 factorial conditions (see Table 1 ). The number of button presses and motion correction parameters were treated as effects of non-interest. Appropriate regressors were convolved with the default SPM hemodynamic response function (HRF) with 2 additional derivatives of a time derivative and a spatial dispersion. The default HRF function parameters described the BOLD intensity signals since the onset of stimuli. For example, the length of the kernel was 32 s; the delay of peak BOLD responses was 6 s relative to onset; the delay of post-stimuli undershoot was 16 s.
Restricted maximum likelihood (ReML) inference was used to estimate the model parameters. The estimated parameters were applied to create contrasts in the factorial design, which were then employed to perform random-effects analysis between subjects (second-level analysis) using one-sample t-testing with classical inference (ReML). The final outcome of these analyses was a group analysis, resulting from the pooling of data across the subjects. The statistical results were based on the uncorrected p-value (p = 0.001) and used to choose clusters (voxel number ≥ 5 in a cluster) that passed the criterion of multiple comparisons with a family-wise error (FWE) corrected p-value of 0.05 at the cluster level. The coordinates of all activation sites were based on the reference brain provided by the Montreal Neurological Institute (MNI). Conservative conjunction analysis was performed in the statistical parametric mapping (SPM) module to identify the common and shared areas between distinctive contrasts [18, 19] , such as Cell A and Cell D in Table  1 . Two-sample t-testing coupled with classical inference (ReML) estimation was performed at the 2nd level of analysis to conduct group conjunction analysis. The results were illustrated with an xjView toolbox (http://www.alivelearn.net/xjview).
Results
Based on the duration selection procedure described above, the average number of trials in Cells A, B, C, and D were 40.2 (SD 6.7), 5.7 (SD 3.4), 10.2 (SD 4.3), and 7.7 (SD 4.7), respectively. The unbalanced number of trials ( 1 X = 7.08, p < 0.01) was the result of >70% accuracy in the capable-of-binding trials and only 50% accuracy for incapable-of-binding trials. Figure 2 shows the mean ac-curacy for the capable-of-binding trials (0.7977), which was significantly higher than the accuracy of incapableof-binding trials (0.4279; standard error of the 2-group difference [SED] = 0.03661, t(18) = −10.10, p < 0.0001). These results illustrated that the selection of stimulus duration was appropriate that was driving the accuracy of the subjective determination of feature binding. Furthermore, no significant differences were found among subjects with regard to response distribution (t(18) = 0.38, p = 0.7070), indicating that none of the subjects bound features more or less frequently compared to other subjects.
The results of the second-level analysis of the imaging comparisons are shown in Figure 3 and Table 2 . The comparison of subjective judgment on the capability of feature binding, (Cell A + Cell C) vs (Cell B + Cell D) (i.e., capable-vs incapable-of-binding), indicated significant deactivation of the anterior rostral cingulate cortex (ACC, corresponding to BA 24/32, FWE p < 0.05 at the cluster level) and the inferior frontal gyrus (BA 45/47, FWE p < 0.05 at the cluster level). It is worth noting that there were no significant differences for the comparison of objective judgment, (i.e., (Cell A + Cell B) vs (Cell C + Cell D)), and there were no significant differences for the comparison of interaction between subjective and objective judgment. Nevertheless, the results of group conjunction analysis of Cell A and Cell D indicated activation in the left intraparietal lobe (IPL), the junction areas of the posterior rostral ACC, and the prefrontal areas, but deactivation in the left medial portions of the IPL (FWE p < 0.05 at the cluster level).
Disucssion
This study examined the feature binding by using random dots moving, while controlling for the 2 variables of subjective perception and objective accuracy. Based on the results of the examination, the subjects' responses were categorized into one of the combination of the two variables (Cells A, B, C, and D). In theory, the 2 variables assessed were not orthogonal because the number of correct responses was proportional to the capability of binding (i.e., a higher capability resulted in a higher number of correct responses). The bias is unavoidable due to the inherent reliability of an individual's subjective judgment based on their perception. The statistical analysis used in this study has also taken into account the unbalanced number of cells by including the observation number (n) in the formula for the t-test. Results using individuals' subjective judgment indicated deactivation in the anterior rostral parts of the ACC (BA 24/32) and inferior frontal gyrus (BA 45/47) when subjects declared that they were incapable of binding features, compared with the capable-of-binding responses. Furthermore, con- Although the initial positions of the random dots presented to the subjects differed in each trial, the same stimuli were presented. Thus, the fMRI results cannot be attributed to stimulus factors but rather to the activation of brain areas corresponding to operations/processing. According to the zero-correlation analysis of unconscious knowledge [20] , the fact that subjects who believed they were incapable of binding responded with an accuracy no better than the level of chance (~50% correct) can be interpreted to mean that these subjects had no knowledge of the binding. In fact, there are 2 possibilities: either the subject could not integrate color and motion, or the subject correctly integrated the features but was unaware of doing so. If the latter case occurred frequently, the ratio of correct responses in the incapable-of-binding trials should have been >50%, as unconsciously integrated perception may still have influenced subjective responses. Such a phenomenon has been noted in cases of blind sight and other conditions in which subliminally perceived stimuli have a detectable influence upon activated brain areas [21, 22] . However, the accuracy of the incapable-of-binding responses in this study does not support this prediction. Furthermore, no feedback was provided to the subjects during the experiment. As a result, subjects had no knowledge regarding the accuracy of each response. Therefore, we assumed that the declaration of "incapable" meant they were not confident in their ability to successfully bind the features and, similarly, the declaration of "capable" meant they were confident in their ability to successfully bind the features. The areas of the ACC involved in the subjective judgment of feature binding are located in the anterior rostral portions (rACC) of the medial frontal cortex (MFC), whereas the dorsal MFC (dACC) is involved in the conjunction analysis of Cell A and Cell D. The rACC may play an evaluative role in monitoring and adjusting the level of control needed for association with the lateral prefrontal cortex, especially under conditions of uncertainty [23, 24] . Brown and Braver [25] found that the ACC participated in cognitive control over the tracking of a forthcoming event, even in the absence of an error or response conflict, while the findings of a recent imaging study indicated that the ACC and lateral prefrontal cortex are activated during decision-making under conditions of uncertainty [26] . In fact, our imaging results also support the notion that the lateral prefrontal cortex is involved in subjective judgment, although these results approach statistical significance (FWE p = 0.069 at the cluster level). Thus, in cases of uncertainty, the rACC may help the lateral prefrontal cortex dynamically monitor brain processing and adjust the activation of the lateral prefrontal cortex. This reasoning explains the much higher activity level of the rACC observed in the declaration of incapable-of-binding compared to capable-of-binding responses. Based on this scenario, our results support the role of uncertainty for the rACC and add new information on the subjective judgment of perceptual binding of color and motion.
The inferior frontal gyrus (BA 45/47) is well known for language processing, such as semantic understanding [27] [28] [29] [30] , action understanding, and the motor mirror system [31] [32] [33] . In recent studies, BA 45/47 was also involved in working memory in which the information associated with different features is required to be consistently updated and is bound into a new object [34, 35] . The increased activation of BA 45/47 in our current study for the incapable-of-binding trials compared to capable-of-binding trials, could therefore be explained by the brain continuing to update the binding of color and motion and the associated increase in online working memory. Another factor increasing the burden on working memory is that the task question in our current study appeared after the end of stimuli presentation. When feature binding failed during the perception stage (i.e., the presentation of stimuli), subjects would make increased efforts to recall the relevant stimulus information, but with poor results.
The possible reasons why no other brain areas were identified in the comparisons of objective judgment (correct vs incorrect binding) are that the brain areas involved are insensitive to this comparison, especially under voxel-wise analysis with SPM. In 2 laboratory studies, Lu et al. [36, 37] found that BOLD signals of visual cortices (V1 to V4) depend only on the stimulus contrast being invariant to the general task difficulty. In contrast, their behavior data revealed significant differences between levels of task difficulty. The results of the current study, in which the stimuli remained constant, suggest that binding could occur within brain areas insensitive to task performance. Because some features are coded together in the early visual cortices that respond to multiple dimensions, such as color, motion, and orientation [38] , these cortices have been suggested to be the sites of feature binding [39] [40] [41] [42] [43] . Another brain area involved in binding could be the pulvinar, which has been observed to play a role in the feature conjunction task [44] [45] [46] . Moreover, the pulvinar has clearly been demonstrated to be a part of the cortico-thalamo-cortical loops [47] , and has been proposed to be the integrator of visual information and the coordinator of the attentional network in concert with the fronto-parietal network [48] . One potential avenue of further research for binding sites is to use pattern recognition to examine the activity patterns formed by the interested voxels of a specific area, instead of exam-ining the activity of individual voxels adopted by SPM.
In order to further explore the binding mechanism and reveal common processing sites, conjunction analysis of Cell A and Cell D was performed. Cell D rather than Cell B + Cell D was selected for analysis because Cell A and Cell B already shared a fixed component, i.e., the correct responses made by subjects. In other words, if conjunction analysis of Cell A and Cell B + Cell D had been performed, the results would have been confounded by the brain areas corresponding to the correct responses. In contrast, Cell A and Cell D contained the different components of correctness and capability of binding. The results indicated activation of the lateral parts of the intraparietal lobe (IPL) and deactivation of the medial parts of the IPL, a finding compatible with the previous finding that the parietal lobe is necessary for feature binding [6, 8, 10] . However, different parts of the parietal lobe assume different roles in visual attention. The intraparietal sulcus (IPS) has been clearly demonstrated to exhibit enhanced activities during the voluntary and stimulus-driven shifts of spatial attention [49] [50] [51] [52] , while the superior parietal lobe (SPL) has been shown to play a role in maintaining and tracking the current locus of attention, especially in the peripheral visual field [53] . In contrast, the medial area of the parietal lobe has been related to transient shift-related signals [52] , as it is domain-independent and is associated with shifts in attention [54, 55] .
Consideration of these findings, together with the increase in IPL activity observed in this study, suggests that completing the study task (in both Cells A and D) required initiating and maintaining spatial attention in the peripheral visual field. In addition, the decrease in activity observed in the medial part of the IPL suggests that the shifts in attention that occurred during task completion may have been irrelevant and therefore inhibited. It is worth noting that the task did not manipulate the attentional focus on color or motion, as well as the fact that it would have been difficult for the subjects to shift attentional focus between color and motion because the duration of stimulus exposure was relatively brief. According to the Boolean map theory [56] [57] [58] , if the subjects had adopted a strategy of shifting attention from 1 color to another color or from 1 motion to another motion, they would have had to expend extra time or cost to perform the attentional shift, leaving them with little time for feature binding after attentional shifting and thus leading to binding failure. As the Boolean map of the task contained and simultaneously presented the dimensions of color and its moving direction, the subjects could only attentionally access one Boolean map at a time. The content of the Boolean map is detected/processed in a parallel way. As a result, the color and its moving direction, or the moving direction and its color were within a Boolean map in which the act of detection was so rapid that it did not require the expenditure of extra time or cost. Therefore, the best strategy for successful feature binding is maintaining attention on one Boolean map (i.e., on one color and its moving direction, or one direction in which the dots are moving and their color).
Conclusion
This study examined the mechanism underlying the binding of color and motion by performing conjunction analysis and comparing subjective and objective judgment using the same stimuli to exclude the possibility of stimulus attributions to imaging results. The imaging results indicate that the rACC and BA 45/47 are negatively correlated with the capable-of-binding responses (Cell A + Cell C) as opposed to incapable-of-binding responses (Cell B + Cell D). This suggests the uncertainty of incapability-to-bind features and also that working memory is involved in feature binding. However, the binding site may not be sensitive to BOLD signals, especially in the visual cortices. The results of conjunction analysis of the 2 binding conditions (Cell A and Cell D) revealed the mutually activated brain areas to be the lateral and medial parts of IPL, suggesting that the maintenance of attention on stimuli is necessary for performing feature binding processing.
